Long-term surface air temperatures at 1.5 m screen level over land are used in calculating a 3 global average surface temperature trend. This global trend is used by the IPCC and others to 4 monitor, assess, and describe global warming or warming hiatus. Current knowledge of near-5 surface temperature trends with respect to height, however, is limited and inadequately 6 understood because surface temperature observations at different heights in the surface layer of 7 the world are rare especially from a high-quality and long-term climate monitoring network. 8
The second part of SNHT's Equation (1) is the reference series. The x j is a surrounding station 10 series and y i is the candidate station series to be tested. In the MLR's Equation (2) , the I variable 11
is a binary variable which is zero prior to the change point (c) and one after the occurrence of 12 that change point (c). The e i in Equation (2) is the regression residual term. Note that for R i in 13
Equation (2), the reference series is the same as the second part of Equation (1) . 14 15 The 44 T 1.5m candidate series were tested against the nearest five USHCN stations, creating the 16 reference series. Three documented change points and five undocumented change points were 17 detected in the T 1.5m temperature series. Three documented change points were adjusted in this 18 study. For the 44 T 9m candidate series, the instruments have been consistently operated by 19 naturally ventilated radiation shields from 1997 to 2013. Larger ambient wind speeds at the 9 m 20 height relative to the 1.5 m, reduce radiative errors for T 9m temperatures (Hubbard and Lin, 21 2002 ). When the 44 T 9m series were tested by using a reference series created from the five 22 nearest Oklahoma Mesonet stations at the 9 m height, only two change points were found which 23 7 were undocumented. These undocumented changes were not adjusted in our T 9m temperature 1 series. 2 3
Data and trend analysis 4
The lapse rate is defined as − ∆! ∆! by using the hourly temperatures observed at 1.5 m and 9.0 m 5 in units of o C (10 m) -1 . A negative trend in the lapse rate when the surface layer is stably 6 stratified means that the temperature change became steeper (warmer at the higher level and/or 7 cooler at the lower level). When the surface layer is unstably stratified, a negative trend means 8 the temperature change with height has become less. All missing data were not filled or 9
interpolated by estimation and no outlier screening was implemented in the study. When there 10 were three hourly temperatures missing, the daily lapse rate was excluded. The monthly data 11 were excluded when more than 5 days were missing in a month. The air temperatures at two 12 heights for daytime and nighttime were calculated based on the sunrise and sunset hours 13 (rounded into an integral hour) during any calendar day. The mean wind speed of 2 m and 10 m 14 heights was used to classify wind regimes as windy (87% percentile or above, i.e., 5 windiest 15 days in a month) or calm (17% percentile or below, i.e., 5 calmest days in a month) conditions on 16 a monthly basis. 17
18
Monthly anomalies for lapse rates, temperatures, and other climatic variables were departures 19 from monthly climatology for the period from January 1997 to December 2013. The regional 20 time series was aggregated by using an equally weighted station average from each station when 21
the observations were available. 22
The computation of complementary variables shown in this study is briefly described here. The 1 total energy content of a unit parcel of air (per kg) is provided by the sum of the kinetic energy, 2 latent heat, enthalpy, and gravitational potential energy . Without 3 considering the gravitational potential energy and kinetic energy, the air heat content (H) was 
Where T is the Kelvin temperature (K) and q is the specific humidity (kg kg -1 ). Both the specific 7 heat of air at constant pressure C p (J K -1 kg -1 ) and the latent heat of evaporation L (J kg -1 ) are 8 calculated by a function of ambient humidity and temperature (Stull, 1988 ). 9
10
The water vapor pressure deficit (VPD) was calculated using, 11
12 e s and e a are the equilibrium (or saturated) vapor pressure and actual vapor pressure with respect 13 to water obtained from (Wiederhold, 1997) , 14
where P is the atmospheric pressure (mb) and e w is the equilibrium vapor pressure (mb); for e s 16 (mb), T is the ambient temperature ( o C); for e a (mb), T is the dew point temperature ( o C). The 17 dew point was calculated from ambient temperature and relative humidity observed in the 18 Oklahoma Mesonet. The pressure P was estimated based on the station elevation. The 19 calculation of reference evapotranspiration (ET o ) used the Penman-Monteith equation (Allen, 20 2000) . All variables in the ET o calculation are either directly available at the stations or were 21 estimated from empirical equations (Allen, 2000) . 22
For the trend analysis, the adjusted standard error and adjusted degrees of freedom method was 1 used for evaluating the statistical significance of regional temporal trends and individual station 2 trends at the 95% or otherwise specified confidence levels (Santer et al., 2000; Karl et al., 2006) . 3
This approach is a modification of the ordinary least squares linear regression to substitute the was evaluated. Again, we were unable to confirm a statistically significant trend in H although 3 the H showed an apparent 'cooling' trend (i.e. -0.737±1.08 kJ/kg per decade) ( Fig. 2d ), which 4 was caused by a decrease in air humidity ( Fig. 2e ). 5
6
The air heat content variability was very similar to the air temperature's month-to-month 7 variability although it was coupled with air humidity ( Fig. 2d confidence levels. The nighttime lapse rate not only showed a larger trend than in the daytime 7 but also varied significantly more ( Fig. 3b and d ). That the lapse rate trend is statistically significant is initially surprising, since the individual two-21 height temperatures have no significant trends ( Fig. 3a and b ). We explained how this can occur 22
in the Appendix A (see Figs. A1 and A2). Results in Fig. 3 indicated that the temperature 23 difference between T 9.0m and T 1.5m had a statistically significant increasing trend. Considering the 1 statistically non-significant trends in T 1.5m and T 9.0m ( Fig. 3a and b ), we infer that the near-2 surface vertical temperatures at 9 m were warming faster than temperatures at the screen level 3
(1.5 m) in the surface boundary layer. However, it is possible that cooling (which is within the 4 range of statistical uncertainty) at the 1.5 m level could account for the increased temperature 5 difference (T 9m -T 1.5m ). The -0. the daytime lapse rates were relatively suppressed while nighttime lapse rates were suppressed 23 13 during the fall season in Oklahoma (Fig. 4a ). All daytime, daily, and nighttime lapse rates 1 showed a change between the averages of the first ten years and the last ten years (Fig. 4b) . 2 3
Spatial distributions of station's lapse rate trends 4
To examine spatial aspects of lapse rate changes, the lapse rate trends in 44 individual stations 5 are shown in Figure 5 for daily, daytime, and nighttime lapse rates. All but one station lapse rate 6 trend showed a decrease irrespective of whether they were the daily, daytime, or nighttime 7 analyses. About 16%, 36%, and 23% of all stations showed statistically non-significant trends for 8 the daily, daytime, and nighttime time series, respectively. The majority of stations showed 9 significant decreasing trends, especially for daily lapse rates (Fig. 5 ). The histogram of individual 10 trends for nighttime indicated trends were more negative relative to daily and daytime lapse 11 trends (meaning the higher level temperature increased more (or decreased less) than the lower 12 lever temperature). Across Oklahoma, the lower latitude region showed more negative lapse rate surface boundary layer depth (Stull, 1988; Pepin, 2001) . Figure 6 shows the lapse rate trend and 2 variations under windy and calm conditions. There was no significant lapse rate trend observed 3 under windy daytime conditions (Fig. 6c ). The most negative lapse rate trend, -0.40±0.03 o C (10 4 m) -1 per decade, was found under calm nighttime conditions (Fig. 6f ). Both the trend magnitude 5 and variation of lapse rate under calm nighttime conditions were the largest among all classified 6 lapse rates as shown in Figure 6 . Since the stable nocturnal boundary layer is very sensitive to 7 local radiative effects from atmospheric CO 2 and water vapor, wind speed, surface roughness, to examine possible effects of land use and land cover on lapse rates (Fig. 1 ). Figures 7 and 8  18 showed that there were no statistical differences among respective lapse rate trends between 19 grassland and cropland stations. series of climatic variables including solar radiation (SR, W m -2 ), water vapor pressure deficit 1 (VPD, kPa), mean wind speed (WS, m s -1 ), precipitation (mm), and reference evapotranspiration 2 (ET o , mm month -1 ), and their correlations with the monthly lapse rate time series ( Fig. 9 ). Only 3 mean wind speed and reference evapotranspiration showed significant trends; both of which 4 were increasing ( Fig. 9d and f) . In terms of correlation with lapse rates, solar radiation, reference 5 evapotranspiration, and vapor pressure deficit showed significant correlations with values of -6 0.55, -0.46, -0.18, and 0.35, respectively. 
Summary and concluding remarks 20
Our study has the following major findings. First, using the lapse rate (defined as the difference 21 in temperature at two levels) trends can be diagnosed with more statistical confidence than 22 considering temperature trends from each level separately. Second, trends of surface temperature 23 16 depend on the height at which the measurements are made. A greater warming at the 9 m level, 1 or larger cooling at the 1.5 m screen level would explain such an observation. This is important 2 as the surface temperature is used to diagnose and model global warming (IPCC, 2013). Using 3 just the 1.5 m level trends would provide a different magnitude of trend than if obtained from the 4 temperatures at 9 m [at least in Oklahoma and this may be true elsewhere]. Third, the near-5 surface lapse rate trends were altered by wind speed. Fourth, lapse rate trends in southern 6
Oklahoma were significantly more negative than further north in the state. Our study suggests a 7 positive temperature trend at 9 m could be due in part, to a change in wind speed during the time 8 period such that the 9 m level more often remains above the nocturnal cool layer later during the 9 observing period. One might question how measurements from two individual heights can show no significant 1 trends but the difference does. To evaluate this, we first generated two monthly temperature 2 anomaly series, representing measurements at 9 m height (m 1 ) and 1.5 m height (m 2 ) with a 3 length of 360-month values (i.e., 30 years). The correlation coefficient between m 1 and m 2 was 4 preset at 0.97, which was a typical value for the monthly T 9m and T 1.5m series in this study. The 5 simulated m 1 and m 2 were generated by introducing fields of random month-to-month 6 temperatures that were normally distributed with a mean of zero and a variance of one. Secondly, 7 the initial trends and noise values in m 1 and m 2 were added to produce the s 1 and s 2 series as, 8
where trend 1 and trend 2 are initial trends imposed on the series, which have four combinations of 11 a non-trended series and a linear trended series. These four trend combinations were [0.00 0.00], 12
[0.00 0.12], [0.12 0.00], and [0.12 0.12] o C per decade. The n 1 and n 2 are normally distributed 13 noise and n 2 's power level was set four times larger than the power level in n 1 because it was 14 assumed that surface temperatures at T 1.5m may have larger non-climatic and local-climatic noise 15 than T 9m . In terms of noise level, the normally distributed noise n 1 had a zero mean and 0.2 of 16 standard deviation. 17
18
The third step was to run simulations 1000 times to generate 1000 pairs of s 1 and s 2 series for the 19 four trend combinations individually, resulting in 1000 difference series of s 1 -s 2 for each set of 20 trend conditions. Figure A1 illustrates an example result out of running 1000 simulations when 21 trend 1 and trend 2 were [0.12 0.00] o C per decade. This example shows that two individual 22 temperatures (s 1 and s 2 ) can show no statistically significant trends but the difference (s 1 -s 2 ) does 1 (Fig. A1) . 2 3 Finally, trend analyses were conducted for the s 1 , s 2 , and s 1 -s 2 series. The results indicate that 4 there were about 600 chances out of 1000 simulations, where two trends of s 1 and s 2 were not 5 significant but the s 1 -s 2 trend was significant, that is the [001] status shown in Figures A2b and  6 A2c, under the combination of trends imposed by [0.00 0.12] and [0.12 0.00] o C per decade. 7
When both trends were zero or both trends were 0.12 o C per decade, there was a rare chance to 8 have a significant s 1 -s 2 trend ( Fig. A2a and A2d). 9
10
In summary, a differential process (s 1 -s 2 ) is able to robustly suppress noise common to the s 1 11 and s 2 series relative to the difference signal (s 1 -s 2 ). Therefore, an improved signal-to-noise ratio 12 series of s 1 -s 2 could show a statistically significant trend, but two individual s 1 insightful comments and discussion from Oklahoma Mesonet supporting staff. We also thank Dr. 21
Urs Neu at Swiss Academy of Sciences for our constructive discussions in the past on the subject 22 of this paper. 23 expressed as a departure from the 1997 to 2013 average. The significant trends or correlations 20 are indicated by specified p values but non-significant trends were evaluated at the 95% 21 confidence levels. 22 Figure A1 . An example of two non-significant trends in s 1 (a) and s 2 (b) temperature time series 1 individually but differentiating them, s 1 -s 2 temperature series (c) shows a significant trend. This 2 is one realization example taken from the simulations; s 1 and s 2 were constructed with trend 3 values of 0.12 and 0.00 o C decade -1 , respectively. 4 5 Figure A2 . These figures illustrate the frequency of outcomes (shown as the 'y'-axis) for four 6 combinations of initial trends for series s 1 and s 2 . The eight possible combinations (shown as the 7 'x'-axis) are represented by 3-bit binary numbers: the first bit represents the s 1 trend status; the 8 second bit represents the s 2 trend status; and the last bit represents the s 1 -s 2 trend status. Each 9 trend status has two possibilities of either a non-significant trend (0) or a significant trend (1). 10
For example, the 001 in the x-axis stands for a combination of a non-significant trend (0) in s 1 , 11 non-significant trend (0) in s 2 , and significant trend in s 1 -s 2 (1) . Initial trends of s 1 
